IMPORTANCE RAS wild-type (wt) status is necessary but not sufficient for response to anti-epidermal growth factor receptor (EGFR) agents in advanced colorectal cancer (aCRC). RNA expression of EGFR ligands epiregulin (EREG) and amphiregulin (AREG) may correlate with EGFR-targeted therapy efficacy in aCRC, so may represent a much-needed additional predictive marker for these drugs.
C linical trials of the anti-epidermal growth factor receptor (EGFR) therapeutic antibodies panitumumab and cetuximab in colorectal cancer have yielded inconsistent results, varying among trials and patient subpopulations from worthwhile benefit to significant harm. 1, 2 Activating mutations in Kirsten rat sarcoma viral oncogene (KRAS) exon 2 consistently confer lack of benefit, 1, 3 and extended RAS mutation testing identifies further nonresponders. 4, 5 However, an unmutated RAS pathway, although necessary, is not sufficient for response to anti-EGFR agents because many patients whose tumors are wild type (wt) for both KRAS and NRAS do not respond. 2, 5 For EGFR blockade to be effective, upregulation of EGFR signaling may be required in addition to an intact signal transduction pathway. The EGFR ligands epiregulin (EREG) and amphiregulin (AREG) are commonly overexpressed in colorectal cancer 6, 7 and are highly co-expressed at the transcriptional 7, 8 and protein levels. 6 In cell line models, binding of either ligand to EGFR leads to autocrine activation 9, 10 ; furthermore, knockdown of the AREG or EREG genes significantly abrogates cetuximab-induced reduction in tumor proliferation. 8 Thus, ligand overexpression may be an indicator of tumor EGFR dependence. 9, 10 This provides the scientific rationale to investigate EREG/AREG as an additional predictive biomarker for anti-EGFR therapies. High messenger RNA (mRNA) expression of EREG or AREG has been reported to correlate with the efficacy of EGFR-targeted agents in nonrandomized series of KRAS wt advanced colorectal cancer (aCRC) 7, [11] [12] [13] and in preclinical studies in squamous cancers. 14, 15 In biomarker analysis of the CO.17 trial (supportive care with or without cetuximab), KRAS wt patients with high-EREG RNA expression had improved survival with cetuximab therapy, while KRAS wt, low-EREG patients did not. 16 However, a positive biomarker/ treatment interaction in KRAS wt patients was not convincingly demonstrated. Thus, while there are signals that either AREG or EREG may identify patients who will or will not benefit from anti-EGFR therapy, studies to date have fallen short of validating their role or providing a much-needed clinically applicable patient selection strategy. To move the field forward, we herein comprehensively examine the interactions between ligand expression and treatment benefit in a large randomized trial of irinotecan, alone or with panitumumab, as second-line treatment of aCRC. 2 Because AREG and EREG are commonly but not consistently co-expressed, either may mediate EGFR activation, and both have shown association with anti-EGFR efficacy in previous work, 7, [11] [12] [13] 16 we elected a priori to combine data from both ligands as a single putative predictive biomarker in an "either/or" model. We hypothesized that the benefit of panitumumab therapy would be confined to patients with both wt RAS (KRAS c.12, 13, 61 and NRAS c.12, 13, 61 wt) and high expression of either AREG or EREG. Conversely, RAS wt patients with low ligand expression would derive no benefit from the addition of panitumumab to chemotherapy. Secondary analyses addressed single-ligand effects and interactions with other mutations in the EGFR signal transduction pathway and primary tumor location (PTL).
Methods
The randomized clinical trial of panitumumab, irinotecan, and ciclosporin in colorectal cancer (PICCOLO) (ISRCTN93248876) has been reported previously. Written consent was obtained for the retrieval of stored tumor blocks, and ethical approval was obtained for translational studies. The present study includes all available patients with adequate stored pathological material, recruited both before and after randomization was restricted to KRAS c.12,13,61 wt patients. Tumor tissue used was from the primary tumor collected prior to first-line chemotherapy for aCRC. This translational study was performed between August 2012 and February 2014.
Genotyping for KRAS c. 12,13,61, KRAS c.146, NRAS c.12,13,61, BRAF V600E, and PIK3CA c.542,545-6,1047 was previously performed.
2 RNA was extracted from formalin-fixed, paraffin-embedded (FFPE) tissue sections (6 sections at 5 μm) (RNeasy FFPE kit; Qiagen). The expression of AREG and EREG was measured by reverse transcription polymerase chain reaction (RT-PCR) (eMethods and eTable 1 in the Supplement). Laboratory staff were blind to the patients' treatment allocation, mutation profile, and clinical outcomes. Stata was used for all statistical analyses (Stata Statistical Software, Release 12 [2011] ; StataCorp). Baseline patient characteristics were compared between treatment arms using 2-tailed t tests, Wilcoxon rank sum tests (for variables with nonnormally distributed frequency distributions), and Pearson χ 2 tests (for categorical variables). Patient characteristics were compared with the whole trial population using the same tests. Box plots were produced for raw AREG and EREG expression, and their correlation estimated using the Spearman coefficient. Data from both were combined to give a clinically usable single dichotomous classifier by taking the upper/ middle tertile cut point for each ligand and dividing the Key Points Question: Is messenger RNA (mRNA) expression of the epidermal growth factor receptor ligands epiregulin and amphiregulin a useful predictive marker for panitumumab therapy benefit in RAS wild-type advanced colorectal cancer?
Findings: Adding panitumumab to chemotherapy in RAS wild-type patients with high ligand expression markedly improved progression-free survival; conversely, RAS wild-type patients with low ligand expression gained no benefit.
Meaning: Epiregulin and amphiregulin mRNA expression is a predictive biomarker for panitumumab therapy benefit in patients with advanced colorectal cancer.
population into "high expressors" (either EREG or AREG in top tertile) or "low expressors" (neither EREG nor AREG in top tertile). This cutoff was chosen pragmatically, to give high and low groups of similar size.
Three clinical end points were used: The primary end point was progression-free survival (PFS); secondary end points were overall survival (OS) and Response Evaluation Criteria in Solid Tumors (RECIST) response rate (RR). Progression-free survival and RR data were unchanged from the primary trial analysis, but updated 2-year OS data were used in this analysis.
Ligand expression was first assessed as a prognostic marker in all patients treated with irinotecan alone, both using the dichotomous classifier (high expressors vs low expressors) and using each ligand separately as a continuous variable (log-transformed to base 2), in Cox proportional hazards models.
Ligand expression was then assessed as a predictive marker for panitumumab therapy benefit by testing for interaction between the effects of expressor status (high vs low) and treatment (irinotecan with panitumumab vs irinotecan alone) on PFS and OS using the likelihood ratio test. The concordance probability was calculated using the Harrell C index. Adjustment was performed for significant prognostic factors in the trial population (World Health Organization performance status [WHO PS], response to previous therapy). Response to previous therapy was unknown in 37 patients and multiple imputation was used to impute values for these 37 patients. Multiple logistic regression was performed using "previous oxaliplatin therapy" and "previous chemotherapy" as predictors of previous response based on 20 imputed data sets. Secondary analysis of predictive effects was performed in patients with RAS or BRAF mutations. Relative risks were estimated from generalized linear models (with a log link) for the RR outcome. BRAF mutation and PTL (right colon vs left colon or rectum) were identified as possible confounding factors 2, 18 ; therefore, survival models were estimated for the joint effects of BRAF and ligand, then PTL status and ligand, for the dichotomous classifier and each ligand separately.
Results
Of the 696 PICCOLO trial patients in the irinotecan-vsirinotecan with panitumumab randomization, 331 had sufficient tumor tissue available and measurement of ligand expression was successful in 323. Baseline characteristics were well balanced ( Table 1) , and no significant differences existed between the biomarker and main trial population. Survival data were available for all patients. Of these, 299 had a disease progression event (92.6%). In updated data used for OS analysis, 303 (93.8%) patients had died.
Complete KRAS c. 12,13,61,146, NRAS c.12,13,61, BRAF V600E, and PIK3CA c.542,545-6,1047 genotypes were available in all cases. A total of 220 of 323 (68.1%) patients were wt across all KRAS and NRAS codons ("RAS wt"). This is a higher proportion than seen in an unselected aCRC population and reflects the fact that from June 2008 patients with KRAS c.12,13,61 mutations were not recruited to this randomization, thus enriching the population for KRAS c.12,13,61 wt patients. Of the 220 RAS wt patients, 47 (21.4%) had a BRAF mutation, also reflecting the study's enrichment for KRAS wt patients ( Figure 1) .
Nineteen (8.6%) RAS wt patients had a PIK3CA mutation. There were no interactions between PIK3CA mutations and the prognostic and predictive role of ligands and these results are not further reported here.
Ligand Expression
Both ligands showed skewed distributions of RNA expression and were log-transformed for further analyses. Epiregulin and amphiregulin were highly co-expressed (Spearman correlation coefficient, 0.78; P < .001). Using the combined dichotomous classifier, 140 of 323 (43.3%) patients were "high expressors" (either ligand in the top tertile), and 183 of 323 (56.7%) "low expressors" (neither ligand in the top tertile) ( Figure 2 ).
Ligand expression was not significantly associated with RAS mutation status (median log AREG RAS wt = −3.18 vs RAS mutated = −3.19, median log EREG RAS wt = −2.78 vs RAS mutated = −2.91; Wilcoxon rank sum tests, P = .41 and P = .31, respectively), but both ligands were significantly higher in BRAF wt than BRAF-mutated groups (P < .001, both comparisons). Both ligands were significantly higher in patients with PTL on the left than on the right side (P < .001, both comparisons) (eFigure 1 in the Supplement).
EREG/AREG Performance as a Combined Dichotomous Biomarker
In patients treated with irinotecan alone, we saw no evidence for a prognostic effect of high vs low expressor status on PFS (hazard ratio [HR] , 0.93 [95% CI, 0.68-1.27]; P = .64) or OS (HR, 0.79 [95% CI, 0.58-1.09]; P = .15) (eTable 2 in the Supplement).
The primary hypothesis was that high ligand expression would be predictive of the benefit of panitumumab on PFS in RAS wt patients. This hypothesis was supported by the data, as shown in Table 2 and Figure 3 . In RAS wt patients with high ligand expression, panitumumab therapy had a significant effect on PFS (median, 8.3 [interquartile range {IQR}, ; P = .73). The ligand-treatment interaction was significant whether unadjusted (P = .01, Harrell C index 0.57) or after adjustment for other prognostic factors (P = .009, adjusted for WHO PS and response to previous therapy [imputed for 37 cases]; data not shown). The results were similar when including missing data for previous response as a separate category (P = .01, C index 0.59) or when excluding the missing data (P = .004, C index 0.61). The predictive effect of the ligand model on OS was less marked and was not statistically significant (interaction P = .11) ( Table 2) .
In RAS wt patients with high ligand expression, the RR was 47.7% (irinotecan with panitumumab) vs 11.3% (irinotecan) were less clear for EREG (interaction P = .08). Neither EREG nor AREG was predictive of panitumumab therapy OS benefit (eTable 3 in the Supplement).
Effect of Possible Confounding Factors
BRAF mutations and PTL on the right side were associated with low ligand expression (eFigure 1 in the Supplement). We therefore explored whether the differential treatment effects by ligand level seen for PFS in the RAS wt patients were driven by these factors (eTable 4 in the Supplement). The dichotomous classifier remained a significant predictor of panitumumab therapy benefit after adjustment for BRAF (interaction P = .005) and for PTL (interaction P = .01). Similarly, continuous AREG remained significant following adjustment for BRAF (interaction P = .008) and for PTL (interaction P = .02), although, as before adjustment, EREG was not. Thus, the ligandtreatment effect appears to be independent of these potential confounders.
Interrogation of the Combined AREG/EREG Model
The dichotomous ligand model was decided a priori on the basis of 2 decisions: to combine data from both ligands because either can activate EGFR, and to use the middle/upper tertile boundary for each, so generating similarly sized high and low patient groups. For exploratory purposes, we looked separately at patients classified on the basis of both ligands, or just one falling within the top tertile (eFigure 2 in the Supplement). Patients with both ligands in the top tertile had marked PFS benefit from panitumumab therapy (HR, 0.28 [95% CI, .53]; P < .001, n = 56). Among the 43 patients with just one ligand in the top tertile, the PFS benefit from panitumumab therapy seemed to be less, but with a wide confidence interval (HR, 0.60 [95% CI, ]; P = .16).
We examined the choice of the middle/upper tertile boundary by reanalysis using the 50th, 80th, and 90th centiles (eTable 5 in the Supplement). None of these alternative cut points provided greater separation of benefiting/nonbenefiting populations, as determined from the P values for interaction and the HRs.
Continuous AREG and EREG, when analyzed separately, each acted as a significant predictive biomarker for panitumumab therapy benefit on PFS in RAS wt patients (P < .001 for both) (eTable 3 in the Supplement). When both were then entered into a multivariable model, only log AREG retained significance (AREG HR, 0.84 [95% CI, ; P = .04; EREG HR, 0.95 [95% CI, 0.83-1.08]; P = .43), suggesting that if just one ligand were to be selected for development, it should be AREG. We observed marked benefit in the high-AREG group (HR, 0.30 [95% CI, 0.17-0.52]; P < .001, n = 76). However, this would mean withholding treatment from the small group of patients with isolated high EREG, for whom treatment benefit is uncertain (HR, 0.82 [95% CI, 0.32-2.09]; P = .68, n = 23, data not shown).
Discussion
This study confirms for the first time the utility of EREG and AREG mRNA expression as a predictive biomarker for anti-EGFR therapy in RAS wt patients, and proposes a simple model-either high vs neither high-to combine information from both ligands. Using this model, RAS wt patients with neither high gained no PFS benefit from the addition of panitumumab to chemotherapy, while those with either high gained marked benefit.
Although predictive, the combined ligand model was not significantly prognostic. However, consistent with previous findings, 11, 12, 19, 20 EREG alone was prognostic for improved survival. There are many requirements for development of a predictive biomarker for clinical application. They include a sound scientific basis, a validated assay method, optimized cut points, a model to combine data from different biomarkers, and retesting in prospective hypothesis-led studies in large randomized data sets powered to prove the biomarker-treatment interaction. The prospective hypothesis, randomized design, and model optimization included in this study move us closer to clinical application.
In recent analysis from the CO.17 trial, KRAS wt patients with high EREG expression had significant benefit with cetuximab therapy over supportive care alone (OS HR, 0.46, P < .001; PFS HR, 0.33, P < .001); conversely, no benefit was seen in KRAS wt low-EREG expressors (OS HR, 0.93, P = .81; PFS HR, 0.7, P = .21); the unadjusted tests for interaction were not statistically significant (OS P = .08; PFS P = .07). 16 This study was exploratory in nature: It tested multiple EREG models but without AREG, did not correct for confounding factors, and included KRAS-mutated patients in the main analysis; however, it provides important corroboration for the findings reported here. One novel aspect of this study was the a priori decision to combine data from both AREG and EREG in the simple either high vs neither high model, while others have measured only one, or have entered both into a multivariable model. There is preclinical evidence that either ligand can activate EGFR. [21] [22] [23] However, they are highly co-expressed so are affected by multicollinearity if treated competitively in a multivariable model. In previous studies using multivariable models, EREG outperformed AREG in some 7, 11, 16, 19 while AREG outperformed EREG in others. 12, 24 Thus, selection of a single ligand would be a poor basis for clinical decision making, leading to wrong decisions in that minority of patients whose ligands are not co-expressed. In our data set, AREG was the better predictive biomarker if taken in isolation; however, we propose continuing development of our combined ligand model incorporating data from both ligands because this better satisfies the scientific hypothesis, preclinical data, and totality of clinical data now available. Amphiregulin and epiregulin are distributed continuously over a wide range, with no natural cut point. We chose the upper/middle tertile boundaries for a pragmatic reason: to give similar numbers of patients in the high (either/or) or low (neither/nor) populations for analysis. However, our exploratory analysis of other cut points suggests that fortuitously this may be the best discriminator in terms of strength of markertreatment interaction (P = .01). A lower threshold (50th centile) would have assigned more patients to the high category while still retaining PFS benefit (interaction P = .02), an important consideration for its use as a potential negative predictive marker.
We elected not to test other known ligands of EGFR (EGF, TGF-α, HB-EGF) because they have not previously been consistently linked with anti-EGFR efficacy. 7, 12, 13 The hypothesisbased approach focused on AREG/EREG, avoiding multiple testing, retained adequate power to detect a ligand-treatment interaction.
We considered the effect of BRAF and PTL status on the ligand-treatment predictive model because both interact with anti-EGFR agent effect. 2, 18 In PICCOLO, BRAF was a negative predictive marker for panitumumab therapy benefit in KRAS wt patients, 2 but PTL was not. 25 As expected, ligand expression varied significantly according to BRAF and PTL status; however, an independent predictive effect of ligands was demonstrated. Importantly, there is now evidence of the utility of ligands in the first-line, 19 third-line, 16 and now second-line treatment of aCRC, and with both cetuximab 16, 19 and now panitumumab. Additionally, high expression of ligands correlates with anti-EGFR benefit in preclinical studies in squamous cancers.
26
Thus, there is strong impetus to further develop AREG and EREG into a clinically applicable test. The further development of AREG and EREG for clinical decision making now requires clinical consensus. In health care systems in which all RAS wt patients currently receive anti-EGFR therapy, AREG and EREG will be of interest as a negative selection biomarker; consensus is therefore required on the level of certainly for lack of benefit in low expressors to justify withholding these drugs. Conversely, where anti-EGFR use is currently restricted, AREG and EREG will be of interest as for positive selection, so the degree of benefit required to justify treatment must be quantified. These subtly different scenarios require different positive and negative predictive values, which can then be calculated using independent data sets to establish the optimum cut point for clinical use.
The translation of a quantitative RNA biomarker into routine care presents special challenges. This study used routinely stored FFPE tumor material and validates the RT-PCR technique for the measurement of EREG and AREG mRNA expression. 11 However, it was necessary to extract both DNA (for RAS and other mutations) and mRNA (for AREG and EREG assays). This requires sufficient preserved tissue and incurs costs. However, given the mean drug acquisition cost of panitumumab of approximately $8000 per month for a 60-kg patient, it is highly likely that use of 2 RT-PCR assays costing approximately $100 to $300 for all RAS wt patients would be cost-effective. A protein-based ligand biomarker assay such as immunohistochemical analysis would be an attractive alternative to mRNA measurement, but as yet there is only preliminary evidence that ligand protein expression correlates with anti-EGFR treatment activity.
27
There were limitations of this study. Sufficient archived tissue was available for only 331 (47.6%) of the 696 patients in the irinotecan with panitumumab vs irinotecan alone randomization in PICCOLO. Reassuringly, the demographic characteristics and outcomes in the study population were consistent with the main trial analysis. As in other aCRC second-line trials of EGFR therapies, 28,29 the marked PFS benefit seen with panitumumab therapy in KRAS wt patients in PICCOLO did not translate into improved OS, driven in part by shorter survival after progression for patients who had received panitumumab. 2 Progression-free survival was therefore chosen as the primary end point of this study; and it is perhaps no surprise that even though RAS wt high-ligand-expressing patients had a marked improvement in PFS with panitumumab, this did not translate into longer OS. Although responses to the irinotecan with panitumumab combination therapy were commoner in patients with high rather than low ligand expression (47.7% vs 18.9%), the low rates of RECIST response events in this second-line setting mean that this comparison is underpowered, and the interaction test was not statistically significant for this secondary end point.
Conclusions
This study serves as clinical validation of AREG and EREG mRNA as a predictive marker for anti-EGFR agents. Further development is now required to bring this potentially important biomarker rapidly into routine clinical use in colorectal cancer, and to test it in other cancers treated with anti-EGFR agents. With alternative new options emerging for patients with aCRC, it becomes ever more important to ensure that the use of anti-EGFR therapy is confined to those who will benefit from it, so avoiding the costs and lost opportunities of futile treatment. This is particularly pertinent with ongoing controversy regarding the optimal first-line treatment of RAS wt aCRC patients. 30, 31 We propose this combined model as a clinically usable tool and would urge further revalidation using existing and new randomized trial biobanks.
